ALKALI HALIDE MIXED CRYSTALS
This chapter gives a review (though not comprehensive) of various studies made on alkali halide mixed crystals (only sodium and potassium halides except fluorides are considered).
Mixed Crystals (Solid solutions)
The alloying of two or more metals has always been systematically used in order to modify and improve the properties of the metallurgical materials. The mixing of ionic solids has been equally investigated in the purpose of obtaining new materials with specific properties. A very important situation that is special to ionic crystals arises when these crystals are doped (or added) with impurities. The behaviour depends on the valence state of impurity ions. When an ion like Ca 2+ replaces a Na ion in NaCl crystal it results in the creation of a positive ion vacancy or a negative ion interstitial. Anion impurities also produce corresponding charge compensating point defects. Whether an impurity ion goes to substitutional position or interstitial position, is determined by the ionic radius of the doped (or added) ion and also on the electronic configuration of the ion. If the impurity ion behaves in the same way as the lattice ion, a wide range of solubility may be possible. To describe this, the term 'mixed crystal' is used.
A mixed crystal is obtained by crystallizing together two isomorphous crystals like NaCl and KC1. Isomorphism is not only the condition for the formation of mixed crystal, the lattice constants of the component crystals should be comparable. That is, when two substances A and B have closely similar structures (isomorphic structures), with not much different cell dimensions, it is found hat the atoms of one can replace those of the other indiscriminately in the lattice, resulting a mixed crystal AB [46] . The sizes of the atoms or ions and their electronic configurations are the important considerations. Any proportion of these two substances A and B may be contained in the crystal AB with cell dimensions intermediate between those two compounds.
It should be realized, however, that the impurity ions are all distributed at random throughout the lattice so that the term 'solid solution' is more appropriate. Two compounds or elements are said to form a continuous solid solution if a single lattice parameter, as measured by X-ray powder diffraction patterns, can be assigned to the solid solution at all compositions. In the continuous solid solutions of alkali halides, Retger's law (additivity of molar volumes) [47] and Vegards' law (linear variation of lattice parameter with composition) [48] are closely followed as indicated by X-ray diffraction studies.
Classification of mixed crystals
There are three different kinds of mixed crystals (solid solutions) shown in Figure 2 . They are substitutional, interstitial and defect solid solutions [49] .
In substitutional solid solutions, some of the normal lattice sites in the solvent crystal are occupied by solute atoms, and structure of the solvent remains unchanged. Thus KC1 and KBr give solid solutions of any composition between the two extremes. In defect solid solutions, some sites in the lattice of one of the components remain vacant. Defect solid solutions are formed typically in chemical compounds of transition elements, as well as, sulphides, selenides and some oxides.
Conditions for the formation of mixed crystals
The formation of mixed crystal requires that:
(i) the structures of the two crystals should be of similar type;
(ii) the bonds in the two crystals should be of similar type;
(iii) the radii of the substituent atoms should not differ by more than about 15% from that of the smaller one; and (iv) the difference between their lattice parameters should be less than 6%.
Physical properties of mixed crystals
A mixed crystal has physical properties analogous to those of the pure crystals.
The composition dependence varies from system to system and property to property. In many cases, the property changes monotonically with composition and are defined by the properties of pure materials in a linear or nearly linear manner [50] . Once the trend in composition dependence is established, we have a means to have a tailor -made crystal with a desired value for a given physical property. In a few properties, the composition dependence is highly non-linear and, in some cases, the magnitude of the physical property for the mixed crystal even exceeds the values for the end members. In such a case, it is as if we have a new crystal in the family. Such behaviour is shown, for instance, in the microhardness of the alkali halide mixed crystals. In some instances, mixed crystals show exciting behaviour. One such example is the appearance of a first-order Raman spectrum in mixed crystals of alkali halides which is absent in the pure crystals [20] .
Alkali Halide Mixed Crystals
Interesting and important as the alkali halides are, no less important are their mixed After the mixed alkali halides were first reported, not much research had been dedicated to explore their mixtures, and very few systems had been grown to explore the entire range of concentrations such as (KCl) i (KBr) (x being molar fraction) system. It is interesting that, due to their complete miscibility with respect to each other, some mixed alkali halide systems were grown and X-ray diffraction along with some other physical 
Mixed Crystals of Sodium and Potassium Halides
In the present study, we have considered NaCl, KC1, NaBr and KBr for the growth of binary mixed and other crystals. As these belong to the category of sodium and potassium halides, we consider here the growth and physical properties of mixed crystals of only sodium and potassium halides except fluorides (as no work is found to be reported on mixed crystals with NaP and KF).
Growth and composition
Sodium and potassium halides are soluble in water. It is possible to grow, in certain cases, mixed crystals by evaporation of aqueous solution. However the melt technique is the commonly employed technique to grow mixed crystals.
Toboisky [40] showed that for ionic crystals like alkali halides, complete miscibility is possible only above a particular temperature given by T = 4. NaBr by the energy dispersive X-ray (EDAX) spectroscopy. It was observed that the composition of the mixed crystal was not very different from the actual composition determined on the basis of the initial weights of the salts.
In the case of ternary mixed crystals, two unknowns have to be determined. So, the powerful techniques used to estimate the composition of binary mixed crystals cannot be used to determine the quantity of individual alkali halide components present in the ternary mixed crystals. Mahadevan and his co-workers [32, [34] [35] have developed a method to determine the two unknowns by using the density and refractive index values and estimated the quantity of individual alkali halide components present in their ternary mixed crystal systems.
General properties
This section is meant to review some general properties of sodium and potassium halides except fluorides [1, 69] which we provide here in Table 1 , along with a brief review on lattice parameters, density and molar volume of mixed crystals.
a) Lattice parameters
The determination of precise values of lattice spacings in mixed crystals has contributed to the understanding of a number of factors which influence their stability and properties; in the recent decades. Results of such studies find application in many aspects of solid state physics. Lattice parameters are required for the calculation of other physical properties such as lattice energy, refractive index, etc.
The composition dependence of lattice constants in a mixed crystal series can be expressed by a general relation of the type,
Different values have been proposed for the exponent n. When n 1, equation (1) becomes,
This equation, which predicts a linear composition dependence, was suggested empirically by Vegard [48] and is known as Vegard's law.
If the volumes are assumed to be additive, we get, (27) factor (B) (A)
From X-ray/neutron 278 (2) 202 (6) 144 (6) 206 (1) 155 (2) out that if the difference between a1 and a2 is very small, equation (3) is indistinguishable from equation (2).
The bulk of the evidence indicates that the composition dependence of lattice constants in alkali halide mixed crystal systems is best represented by Vegard's law (equation 2) provided they are single phased. Data on lattice parameters are available for the NaC1-NaBr, NaCl-KC1, KC1-KBr, KBr-KI, KBr-NaBr, NaCl-KC1-KBr, KCI-KBr-KI and NaC1-KBr-KI mixed systems. They are given below.
NaCl -NaBr system: Nickels et al [73] have found a deviation of about 8.4 x 10-3A from
Vegard's law at equimolar composition of NaC1-NaBr system, the difference in the lattice constants being 0.3319A. The system was completely miscible at room temperature.
Avericheva et al [74] determined the lattice parameters of different compositions of NaC1-NaBr system (see Table 2 for the values). Bhimasankaram [75] also determined the same by using Debye-Scherrer powder method. From these values it appeared that there are slight deviations from Vegard's law, the deviations being more in crystals having higher NaCl content and less in crystals having higher NaBr content.
NaCI-KCI system : Barrett and Wallace [42] determined the lattice parameters of Na K1 Cl crystals (see Table 3 ). In this system the deviation from Vegard's law has been found to be about 0.4 %. This system does not form a continuous series. Later, Vesnin and Zakoryashin [76] measured the lattice parameters of NaCl, KC1 and 10 solutions of these salts within the temperature range of 20 -780°C. The whole equilibrium decay curve of NaC1-KC1 has been determined. It was shown that the rectilinear diameter rule and empirical rule of constancy of molar volumes sum at conjugate points on the decay curve. where ass, ai and a2 are the lattice parameters of the solid solutions, KC1 and KBr respectively. C 1 and C2 are the respective concentrations (molar fractions) and n is an arbitrary power describing the variation.
KCI-KBi system:
The best fit was found to be for n = 3.26. Subbarao and Haribabu [61, 80] determined the lattice parameters of various compositions of (KCl)(KBr)i mixed crystals using Debye-Scherrer powder method. Cohen's method [81] was employed to get the best value of the lattice parameters (see Table 4 for the values). Also, they have used these lattice parameters for microhardness calculations. Table 5 for values). lower concentration of NaCl, the system exhibits only a single f.c.c. phase and the lattice parameters almost obey the Retgers' rule extended to ternary mixed crystals. But, for higher concentration of NaCl, the system exhibits two separate f.c.c. phases aggregated to form the crystal of which one nearly corresponds to the pure NaCl and the other corresponds to the KC1-KBr mixed system. The lattice parameters observed by them are given in Table 6 .
KCI-KBr-KI system: Perumal and Mahadevan [34] have grown single crystals of (KCl)(KBr)(KI)iy for various values of x and y by the Czochralski method and estimated the lattice parameters by the X-ray diffraction method. Their study reveals that the ternary mixed crystals exhibit two separate f c. c. phases aggregated to form the crystal of which one nearly corresponds to the pure KI and the other nearly corresponds to the KC1-KBr mixed system. Table 7 gives the lattice parameters observed by them.
NaCI-KBr-KI system: Polycrystals of (NaCl)(KBr)(M)i-y for various values of x and y were prepared by the melt method and their lattice parameters determined by making x-ray diffraction measurements by Selvarajan and Mahadevan [35] . Their study shows that the ternary solid solutions exhibit three f.c.c. phases instead of a single f.c.c. phase each nearly corresponds to NaCl, KBr and KT. The lattice parameters observed by them are given in Table 8 . Lattice parameters System (with composition taken for crystallization)
For NaCl phase For KC1-KBr mixed phase Table 9 ). Wallace and his coworkers [42, 82] have calculated the densities of these mixed crystals from the lattice constants. Densities calculated from the lattice constants were found to be systematically 
Mechanical properties
Here, we present briefly data available on some of the mechanical properties of alkali halide mixed crystals, namely, bulk modulus, compressibility, second order elastic constants and microhardness.
a) Bulk modulus and compressibility
Values of the bulk modulus and its reciprocal, the compressibility can be obtained from the elastic constants using the relation, systems calculated from room temperature data on the elastic constants are given in Table 10 .
The composition dependence of the bulk modulus is nearly linear in the KCI-KBr and KBr-KI systems. A careful examination reveals a slight negative deviation from linearity. The maximum deviation is about 2% in the equimolar region in the KC1-KBr system. The negative deviation from linearity in the KC1-NaCl system is large ( 15%) in the potassium rich region. It may be noted that the .KCI-NaCl system has a poor stability [20] . Hence it may be concluded that, in general, the composition dependence of the bulk modulus in alkali halide mixed crystals is nearly linear with a slight deviation from 
c) Microhardness
It is a known fact that single crystals of alkali halides are of considerable interest for use as infrared window materials [52] . One of the main drawbacks of these halides is their low mechanical strength. Attempts have been made to improve the strength by precipitation hardening and solid solution hardening in different alkali halide systems [65, [94] [95] [96] . Although hardness has been defined in several ways, it is now generally accepted that it is the resistance offered to dislocation motion. There are several contributions to the resistance to the dislocation motion and they are classified into two types:
(i) the intrinsic resistance which depends on some structure insensitive physical parameter of the crystal; and
(ii) a disorder parameter which depends on the concentration of the imperfections.
Results of a detailed study of microhardness and defects such as dislocations, vacancies, impurity vacancy dipoles in KC1-KBr mixed crystals over the entire composition range made by Subbarao and Haribabu have been reported [61] .
Microhardness measurements have also been carried out on KC1-KBr, KC1-KI and KC1-NaC1 mixed systems to investigate the effect of the ionic size on microhardness in crystals.
It was found that the formation of mixed crystal was accompanied by an increase in hardness and the microhardness attained a maximum at an intermediate composition. Also, the change in hardness was found to be in increasing order from KC1-NaC1, KC1-IU and KC1-K.Br system respectively.
The non-linear variation of microhardness with composition is due to the presence of imperfections. These imperfections may be vacancies, impurity-vacancy dipoles, [45] are also in agreement with the earlier reports.
Studies on hardening by radiation defects [99] [100] [101] [102] have shown that severe hardening was observed after irradiations that produce low concentrations (x 10) of point defects. In this, the hardening has been attributed to cluster of defects, rather than to individual point defects. (i) Microhardness increases due to X-irrdiation both in end member and mixed crystals; (ii) In the case of KC1 and KBr, the increase in hardness is rapid in the beginning and attains saturation after nearly 8 hours of X-irradiation. In mixed crystals, the increase is gradual and no saturation could be seen even after irradiation for 14 hours [19] . For all doses of X-irradiations the increase in hardness in mixed crystals was found to be less when compared to that in end member crystals. Also, it was found that the. increase in hardness due to X-irradiation varied nonlinearly with composition, attaining a minimum value at an intermediate composition; etc.
Results of various studies made on KC1-KBr mixed crystals have shown that dislocations have an important role on the radiation hardening of alkali halide mixed crystals [19] . The hardening studies on KBr-KJ mixed crystals [80] showed similar results except one difference. The rate of increase in hardness due to irradiation was found to be more in KCI-KBr system when compared to that found in KBr-KI system. calculated from the Lerentz-Lerentz formula (see Table 13 ). Mahadevan and his co-workers [32, [34] [35] used Abbe's refractometer and Gladstone's rule to determine refractive indices for some binary and ternary alkali halide mixed crystals, namely, analysed the same for (KCl)(KBr)(KI)i-y single crystals for various values of x and y.
Optical properties
Results indicate a nonlinear variation with bulk composition of wavelength corresponding to maximum transmittance. Here, MB is the mass of the atom B and p is the reduced mass of AC. Addition of one of the alkali halides to another alkali halide disturbs the symmetry of pure end member crystals and a first order Raman spectrum is observed in the mixed crystals. The appearance of a first order Raman spectrum in thus a new phenomenon displaced by mixed crystals but not displaced by the end member crystals.
Nair and Walker [44, 56] Anandakumari and Chandramani [45] did thermo luminescence studies and optical absorption studies for the mixed crystal system KBr-NaBr of different compositions which were grown by slow evaporation technique and doped with gold, which were 'y-irradiated using 60 Co source. Luminescent properties of excitons relaxed on Br ions were studied in KCI crystal containing a small amount of bromine impurity (KCI : Br) and in KCliBr crystals by Tanaka et al [110] .
Optical study of a novel dielectric ternary crystal KC1 (0.5)KBr(o.25 )RbBr(0.25) doped with europium was done by Mijangos et al [31] . Optical absorption and time resolved photo luminescence analysis are based on the optical activity of the (Eu 2 ) ion in the alkali-halide crystals. Optical absorption of F centres induced by exposition to n-irradiated ternary crystals was also obtained.
Thermal properties
Thermal properties of alkali halide mixed crystals reported in the literature have been briefly reviewed here.
a) Thermal expansion
Thermal expansion is both of theoretical and practical importance. Thermal expansivity is a very important parametric quantity for understanding the thermodynamic and thermoelastic behaviour of solids at high temperatures, because, it has been emphasized that most of the serious errors in the calculations of thermodynamic functions arise due to uncertainty of thermal expansivity at high temperatures [111] .
Although thermal expansion is an important physical property, considerable work has not been reported on the thermal expansion of alkali halide mixed crystals. Kantola determined the B-values of NaClBr i crystals from X-ray diffraction measurements (See Table 14 ). The B values of (NaC1)0.5 (KC1)0.5 , (NaC1)o .5 (KBr)o .5 , (KC1)o.5 (KBr)o .5 and (NaCl)(KCl)(KBr)i.. single crystals for various values of x and y were determined from the X-ray powder diffraction data by Jayakumari and Mahadevan [32] . The B values have been reported also for and (NaCl)(KBr)(KI)iy crystals (for various values of x and y) determined from x-ray powder diffraction data [34] [35] .
All these studies indicate that the Debye-Waller factors of mixed crystals are larger than those expected from additivity. In fact, the B values in the equimolar region are considerably large than those for either end members. That is, the B value is found to vary nonlinearly with the composition with positive deviations from linearity.
Debye Temperature
The Debye temperature is derivable from experimental data like specific heats, elastic constants, X-ray and neutron diffraction intensities, inversion temperature, etc [118] . 1.67 (10) 1.70 (9) 1.73 (9) 1.70 (10) 1.72 (10) 1.74 (10) 1.73 (11) 1.70 (10) 1.65 (11) 1.61 (12) 1.56(11)
202 (6) 204 (5) 206 (5) 215 (6) 217 (6) 221 (6) 231 (7) 235 (6) 253 (8) 260 (9) 278 ( 
also for (KCl)(KBr)(KI)i and (NaCl)(KBr)(KI) i crystals (for various values of x and y) determined by the X-ray diffraction method [34] [35] .
Tables 15 to 17 contain the Debye-Waller factor and Debye temperature values for (NaC l)(KCl)(KBr)i .,, (KCl)(KBr)(K1) i . and (NaC1)X(KBr)Y X(KI)l..) crystals [32, [34] [35] . A summary of reports available on the Debye temperatures of sodium and potassium halide mixed crystals is given in Table 18 .
Heat of formation
The formation of alkali halide mixed crystals is endothermic. The heat of formation is of the order of 0.2 to 0.6 k cal mole-' (0.8 to 2.5 kJ mor 1 , compare this with the cohesive energy 150k cal mole-' or 628 kJ mof 1 ). Careful measurements of heats of formation for several alkali halide mixed crystals have been carried out [42, [136] [137] . In all the cases the curve connecting the heat of formation and the composition is a vertical inverted parabola.
Fineman and Wallace [138] showed that the experimental values of the heat of formation can be fitted to an empirical relation:
where a, b and c are constants, Theoretically, the definition of the heat of formation of the mixed crystal is
where U, U i and U2 are the respective energies of the mixed crystal and end members. In general, it has been observed that most of the properties vary nonlinearly with composition in the mixed crystals of alkali halides. Hovi [141] explained these results as due to ionic displacements and due to certain degree of local disorder, which change, the local electric field. on the other hand proposed that Schottky defects are to be responsible for the broadening of the F-band in mixed crystals. explained the lower colouration observed in mixed crystals as due to the higher instability of F-centres. Thyagarajan [144] believed that the broadening of F-bands in mixed crystals was intimately connected with the density of (1), (2) and (4) tested and equation (4) [97, [149] [150] showed high concentration of dislocations and low-angle grain boundaries in mixed crystals. These studies thus indicated that the defect structure of mixed crystals is different from that of the end products. In view of the uncertainty about the nature of defects responsible for the ionic conductivity in alkali halide mixed crystals, Haribabu and Subbarao also made electrical conductivity measurements on KC1-KBr and KBr-K1[ mixed crystals [97, 164] . Salient features of this study are presented below.
The conductivity measurements have been made in the temperature range of 100 to Table 19 ) and differ considerably from those of Fertel and Perry. Later, Sathaiah [21] determined the dielectric constant and loss at a frequency of 100 kHz and at elevated temperatures upto about 400°C as a function of composition for KC1-KBr mixed crystals.
Also, he has analysed the results semitheoretically.
Anandakumari and Chandramani [45] measured the dielectric constants and losses of (KBr)(NaBr)i system for various compositions as a function of frequency upto 4 MHz. They observed non-linear variation of dielectric parameters with composition. 
